[1] We use the Model of Ozone and Related Tracers (MOZART-2) driven by National Center for Environmental Prediction (NCEP) meteorology between 1980 and 2001 to examine the signature of the Arctic oscillation (AO) on tropospheric ozone during February and March. Regionally, the AO can modulate ozone by up to 5 parts per billion by volume (ppbv). We examine the modulation of ozone produced from Asian, American, and European emissions separately, the modulation of ozone produced from all tropospheric emissions, and the modulation of ozone transported from the stratosphere. During the positive phase of the AO, the simulations show a statistically significant decrease in zonally averaged ozone throughout the depth of the troposphere north of approximately 50°N. This decrease is attributed to a decrease in the stratospheric component of ozone. The longitudinal response of ozone to the AO in the upper troposphere is dictated by the changes in tropopause height associated with the AO, such that lower (higher) heights imply increased (decreased) ozone. Locally, the modulation of stratospheric ozone dominates the ozone signal throughout the depth of the troposphere over Northern Canada and the Arctic, where the AO is correlated with ozone decreases. In other locations, the local response to the AO is governed by changes in the transport of ozone produced in the troposphere. These locations include the lower troposphere over the Atlantic basin, where ozone is negatively correlated with the AO, and the lower troposphere over Europe and Eastern Siberia, where ozone is positively correlated with the AO.
Introduction
[2] Ozone acts as both a radiatively important gas and a pollutant adversely affecting human health and the environment. In many countries, including the USA, extensive emission controls have been implemented to reduce surface ozone concentrations. Consistent with this, the US Environmental Protection Agency (EPA) [2002] has noted a significant improvement in US surface ozone levels between 1981 and 2000. On the other hand, Simmonds et al. [2004] report significant growth in surface ozone at Mace Head, Ireland, between 1987 and 2003, with substantial interannual variability; Jaffe et al. [2003] also report increasing background ozone on the west coast of North America between 1985 and 2002. Overall, the northern midlatitude free tropospheric ozonesonde record between 1970 and 1996 has large interannual ozone variations with temporal trends varying by region [Prather et al., 2001] . For the most part, this ozone variability has not been adequately explained. Interpretation of the ozone record is difficult because of significant interannual variability in meteorology and emissions superimposed on a changing climate. However, the deconvolution of these components of ozone variability is necessary to fully appreciate the global response of ozone to variations in emissions and climate.
[3] The Arctic oscillation (AO) index, defined here as the leading Empirical Orthogonal Function (EOF) of sea level pressure (SLP) north of 20°N, reflects the dominant mode of meteorological variability in the Northern Hemisphere (N.H.). Lamarque and Hess [2004] show that the impact of the AO on ozone explains substantial variability in the springtime ozone record. This paper further explores this impact.
[4] The AO is characterized by fluctuations in mass between the Arctic and the midlatitudes with zonal wind perturbations of opposing signs between approximately 55°a nd 35°N. The variability associated with this oscillation is roughly zonally symmetric with a center of action in both the Atlantic and Pacific basins. It is distorted toward its Atlantic center, however, where its variability resembles that of the North Atlantic oscillation (NAO). The NAO, typically defined by the difference in sea level pressure between stations located on Iceland and the Azores (or Portugal), is characterized by fluctuations in mass within the Atlantic basin. While some authors argue that the AO encompasses the smaller-scale NAO [e.g, Wallace, 2000 and Thompson et al., 2003 ], the precise relationship between the AO and the NAO remains somewhat controversial [e.g., Kerr, 1999] , with an apparent lack of consensus about which is the more fundamental phenomenon. Nevertheless, the indexes of both the AO and NAO are highly correlated [Wallace, 2000] , and Eckhardt et al. [2003] find that over the Atlantic basin and Europe, tracer correlations with the AO are similar to the NAO. In our discussions concerning the effects of these oscillations, we do not distinguish between the NAO and the AO. However, in our analysis, we relate ozone variability to the AO primarily because the AO also reflects changes in transport in the Pacific sector.
[5] There is growing evidence that the effect of the AO and NAO on tropospheric constituents should be accounted for when examining their interannual variability. Not surprisingly, the meteorological variability associated with the AO (NAO) has a pronounced impact on the distribution and transport of chemical constituents in the troposphere. The NAO has been shown to affect storm track activity [Rogers, 1997] , North Atlantic cyclone location [Sickmöller et al., 2000] , and the starting location of warm conveyor belts off the US coast [Eckhardt et al., 2004] . Duncan and Bey [2004] and, in particular, Eckhardt et al. [2003] show the impact of the NAO on constituent distributions over Europe and the transport of constituents to the Arctic; Creilson et al. [2003 Creilson et al. [ , 2005 show the association between the NAO (AO) on tropospheric ozone residuals (TOR) across the Atlantic; Li et al. [2002] show a correlation between the NAO and North American ozone at Mace Head, Ireland; Sprenger and Wernli [2003] show that the changes in storm tracks associated with the NAO significantly affect the location and destination of stratosphere-troposphere exchange; finally, Lamarque and Hess [2004] show that the AO can explain a significant fraction of the variability in the ozonesonde record over North America during the spring months.
[6] Changes in the AO signal can explain much of the cooling in the mid-Atlantic and the warming over Europe and Eurasia since the mid-1970s . Over the last few decades, the positive phase of the AO has become more prevalent [e.g., Thompson et al., 2003] . Some models predict this trend to continue in the future [Fyfe et al., 1999; Gillett et al., 2001] . Because of its impact on ozone, we expect future trends in the AO to impact future ozone trends. Thus an understanding of climactic changes in ozone must take into account its modulation by the AO.
[7] This paper uses the chemical transport Model of Ozone and Related Tracers, version 2 (MOZART-2) to investigate the signature of the AO on tropospheric ozone and the mechanisms whereby the AO affects the distribution of ozone. It is a follow-up to the study of Lamarque and Hess [2004] who show: (1) a statistically significant signal of the AO in the ozonesonde record over North America and (2) that MOZART-2 successfully captures this signal. In this paper, we further explore the hemispheric extent of the AO signal in ozone. We partition the AO signal into the modulation of ozone produced from Asian, American, and European emissions separately, the modulation of ozone produced from all tropospheric emissions, and the modulation of ozone transported from the stratosphere. We discuss our methodology in section 2, examine th ally averaged ozone change attributed to AO in section 3, the 300-hPa ozone change attributed to the AO in section 4, and the surface ozone change in section 5. In section 6, we give vertical profiles of the AO signal in ozone. Conclusions are given in section 7.
Methodology
[8] We analyze the same set of model simulations as in the work of Lamarque and Hess [2004] and described in detail therein. The simulations use the three-dimensional chemistry transport model MOZART-2 [Horowitz et al., 2003] , with treatment of ozone transport from the stratosphere and ozone chemical production and loss in the troposphere. The model is run at a horizontal resolution of approximately 2.8°in both latitude and longitude with a vertical discretization of 28 sigma levels from the ground to 2 hPa. The stratosphere-troposphere exchange (STE) of ozone is parameterized following McLinden et al. [2000] and assumes an imposed stratospheric net ozone production of 500 Tg O 3 yr
À1
. While in the long-term average the STE of ozone using this parameterization is equal to its imposed stratospheric ozone production, interannual variability in STE occurs because of interannual meteorological variability. Twenty-two simulations are run, one for each year from 1980 -2001. Each simulation begins on October 1 from identical chemical initial conditions and is run through March. We analyze these simulations during February and March (FM). These months represent a compromise between the months with the strongest AO signal (the winter months) and the months with the highest N.H. tropospheric ozone production (the summer months). Indeed, at the surface, the highest correlations between ozone and the AO index occur during the spring months.
[9] The meteorological fields used in these MOZART-2 simulations are from the National Center for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis data set [Kalnay et al., 1996] . With the exception of lightning NO x , emissions in each model simulation are the same. Isoprene and terpene emissions are from the emission algorithm by Guenther et al. [1995] based on climatological meteorological conditions, with no interannual variability allowed. All other emissions are from the Precursors of Ozone and their Effects in the Troposphere (POET) project , Olivier et al., 2003 . Variability in the ozone distribution can solely be attributed to variability in the input meteorological fields. This variability will affect the transport of ozone as well as its production and loss through changes in surface deposition, water vapor, clouds, and reaction coefficients.
[10] The MOZART-2 model has been extensively compared to observations. Horowitz et al. [2003] [11] Figure 1 gives a comparison between MOZART-2 and the North American and European ozondesonde stations used in the study of Lamarque and Hess [2004] . Figure 1 gives the average FM ozone profile from the 22 simulations. Recall that these simulations include no representation of the interannual variability in emissions and start from the same chemical initial conditions each October (see Edwards et al. [2004] for the importance of fall conditions on wintertime constituent loading). The simulated vertical ozone gradient between the surface and tropopause is not steep enough in Figure 1 , with the result that MOZART-2 tends to overestimate ozone throughout much of the troposphere. This discrepancy was noted in the study of Horowitz et al. [2003] and is discussed in more detail therein. Despite this discrepancy, Lamarque and Hess [2004] demonstrated that MOZART-2 captures the measured correlation between the AO and tropospheric ozone at the North American ozonesonde stations; at the European sites, Lamarque and Hess [2004] found no correlation between ozone and the AO in either the model or the measurements.
Analysis Period and Procedure
[12] The analysis procedure adopted here is to correlate simulated ozone averaged during FM with the contemporaneous FM AO index for the 22 simulated years. The AO index used here is based on the leading Empirical Orthogonal Function (EOF) of the sea level pressure field north of 20°N in the NCEP/NCAR reanalysis [see . It is available online at http://www.atmos. colostate.edu/ao/Data/ao_index.html. The contemporaneous correlations examined here between ozone and the AO during FM differ somewhat from the methodology adopted by Lamarque and Hess [2004] . Lamarque and Hess [2004] used a lagged correlation between the wintertime AO index (January through March) and springtime ozone (March through May). As a consequence, the results obtained here, especially over Europe, differ somewhat from those found by Lamarque and Hess [2004] .
[13] The correlation between ozone and the AO is calculated at each model grid point and is evaluated for its statistical significance using Student's t test. However, instead of presenting the results in terms of correlation coefficients, we prefer to present them in terms of expected changes in ozone concentration. The magnitude of the ozone response to the AO is given by multiplying a perturbation in the AO index (DAO) by the slope determined from the regression of ozone against the AO index. Unless stated otherwise, we take the DAO perturbation as equal to the standard deviation of the AO.
Methodology to Calculate Stratospheric Ozone
[14] In our analysis, we split ozone into a portion which can be traced to the stratosphere and a portion which is photochemically produced within the troposphere. To do this, we tag tropospheric emissions of NO x (including surface emissions, lightning, and aircraft emissions), maintaining the tag through the full suite of oxidized nitrogen species. Except for a couple of minor reactions, tropospheric ozone in MOZART-2 is only produced through the photolysis of NO 2 . Ozone produced through the photolysis of NO 2 is also tagged and labeled as O 3NOx . It represents the ozone produced through NO x emissions. The loss processes for O 3NOx are identical to those of ozone. This technique to tag ozone has been used by Lamarque et al. [2005] , Murazaki and Hess [2006] , and Pfister et al. [2006] . The accuracy of this tagging method in reproducing ozone production from anthropogenic sources has been estimated as better than 95% on a monthly basis . O 3NOx and tagged HNO 3 are relaxed to zero in the stratosphere with a 10-day timescale. While this timescale is certainly arbitrary, we do not expect it to unduly influence our solution as this condition is applied where O 3NOx is small. We refer to the residual ozone, O 3 minus O 3NOx, as stratospheric ozone (O 3S ).
[15] Our procedure differs from that normally used to deduce the stratospheric portion of ozone. The latter procedure diagnoses stratospheric ozone by setting a tracer to the ozone concentration immediately above the tropopause (referred to here as O 3S *) and destroying the tracer within the troposphere at a rate equal to the loss rate of odd oxygen [e.g., see Roelofs and Lelieveld, 1997] . We believe that our methodology has a number of conceptual advantages over the methodology using O 3S *. The methodology used here:
(1) does not depend on assumptions about what constitutes Interannual standard deviations are shown using all available measured and modeled data. the odd oxygen family when accounting for ozone loss (e.g., it avoids the question of whether the production of nitric acid should be regarded as a loss of O x ), and 2) avoids any explicit assumptions about how to label stratospheric ozone and account for its transport across the tropopause (see Emmons et al. [2003] for a detailed discussion of these assumptions). In particular, the distribution of O 3S * can be very sensitive to exactly how it is defined in the lowermost stratosphere; O 3NOx , on the other hand, is relatively insensitive to its boundary conditions in the lowermost stratosphere.
[16] The two methodologies for deducing the stratospheric ozone contribution are compared at the surface during FM in Figure 2 . The differences are striking: the distribution of O 3S* suggests that the percentage contribution of stratospheric ozone has little latitudinal variation and is relatively high in both hemispheres (approximately 35%); the analysis using O 3S suggests a relatively low contribution of stratospheric ozone in the N.H. (approximately 10%) but with an increasing contribution in the Southern Hemisphere (S.H.) reaching 50% at the South Pole. Numerically, the difference between the two methodologies maximizes near 10 parts per billion by volume (ppbv) in the Arctic. The method using tagged tropospheric NO x suggests less stratospheric influence at the surface than found in the study of Wang et al. [1998] and considerably less than that of Roelofs and Lelieveld [1997] .
Zonally Averaged Correlation Between the AO and Ozone
[17] The zonally averaged FM O 3 , O 3NOx , and O 3S concentrations are shown in Figure 3 , averaged over all 22 simulations. O 3NOx constitutes 80% of the ozone below 500 hPa in the N.H. The zonally averaged peak concentration of O 3NOx is between 44 and 48 ppbv and occurs at approximately 40°N and 900 hPa. In the S.H., O 3NOx maximizes in the upper troposphere suggesting transport from the N.H. The concentration of O 3S is rather symmetric about the equator and is generally less than 4 ppbv at the surface in the N.H.
[18] The zonally averaged change in ozone attributed to the AO is shown in Figure 4 . The zonally averaged tropospheric response is mostly explained by the stratospheric signal. The largest ozone change occurs near the N.H. high latitude tropo . North of 50°N, the lower and middle tropospheres are permeated by a rather featureless decrease in ozone. The hint of a positive change in ozone near 30°N and 200 -300 hPa is most likely associated with a change in tropopause height associated with a latitudinal shift in the position of the subtropical jet (see Figure 5 below). James et al. [2003] show a similar response to the NAO in a tracer of stratospheric air. In the high northern latitudes, the zonally averaged signal in O 3NOx is of opposite sign to that of O 3S (Figure 4c ). This is to be expected: less stratospheric influence leads to more tropospheric photochemical influence. The magnitude of the response in O 3NOx is about a factor of ten less than O 3S . Significant responses in O 3NOx also occur in the midlatitudes of the N.H. and in the mid-and high latitudes of the S.H.
Longitudinal Correlations Between the AO and Ozone at 300 hPa
[19] In this section, we examine the longitudinal correlations between AO and ozone at 300 hPa. The response at the surface is discussed in section 5. Vertical response profiles throughout the height of the troposphere are given in section 6. The 300-hPa surface is representative of the response to the AO in the upper troposphere and lower stratosphere and is mostly dictated by changes in O 3S .
[20] At 300 hPa, the changes in ozone are strongly influenced by tropopause pressure. Figure 5 shows the change in tropopause pressure and 300 hPa ozone associated with changes in the AO. The change in tropopause pressure and ozone are highly correlated with increased (decreased) tropopause pressures corresponding to increased (decreased) ozone concentrations. For example, the ozone increase over the North Atlantic is associated with an increase in tropopause pressures, while the ozone decrease over the arctic extending southward into much of Eastern Siberia and the ozone decrease across the Atlantic basin near 40°N are associated with a decrease in tropopause pressures.
[21] In most instances, the change in tropopause pressure associated with the AO can be conceptually related to the change in surface pressure (see Figure 6 ). Outside of the Arctic, the relationship between surface pressure and tropopause pressure is such that in regions of low surface pressure, tropopause pressures are high, and in regions of high surface pressure, tropopause pressures are low. For example, during the positive phase of the AO, anomalously high tropopause pressures are associated with the anomalously deep Icelandic Low, and anomalously low pressures are associated with the amplified Atlantic anticyclone (Figures 5 and 6) . Appenzeller et al. [2000] also make this point and give the physical mechanism for this relationship.
[22] The relationship between surface pressure and tropopause height differs over the Arctic. Note from Figures 5 and 6 that during the positive phase of the AO, low surface pressure over the Arctic occurs in conjunction with low tropopause pressure. Ambaum and Hoskins [2002] argue that the relationship between surface and tropopause pressure changes between midlatitudes and the Arctic because of the influence of the polar vortex at high latitudes. During the positive phase of the AO, the abnormally strong polar vortex acts to distort the tropopause upwards in comparison with the weaker vortex associated with the negative phase of the AO. Locations not significant at the 90% level are striped. The significance is based on the correlation of ozone and the AO using Student's t test.
[23] A further inspection of Figure 5a shows tropopause pressure increases extending from northern Africa to southern Japan and northward in the vicinity of the Urals. This increase is not associated with any obvious change in surface pressure (Figure 6 ). However, there is an associated ozone increase which extends from the Caribbean to North Africa and across Asia to the Pacific near 30°N (Figure 5b ). The latter increase in tropopause pressures is also shown in the study of Sprenger and Wernli [2003] , who noted strong stratosphere to troposphere exchange over the Middle East during the positive pha he NAO.
[24] A significant response in tropopause pressures is also apparent in the S.H. While it is possible that this response represents a substantial communication between the hemispheres, further examination of the S.H. response is outside the scope of this paper. Following this, we further break down the changes in O 3NOx into those associated with American, European, or Asian precursor emissions during 1990 (a year with a strong positive AO index) and 1980 (a year with a strong negative AO index). At the surface, many of the large regional changes in ozone associated with the AO can be understood in terms of changes in surface pressure and its effect on the transport and production of O 3NOx .
Longitudinal Correlations Between the AO and Ozone at the Surface
[26] The AO signature in O 3NOx , O 3S , and total O 3 are given at the surface in Figures 7a, 7b , and 7c, respectively. Regionally pronounced negative changes in O 3NOx are evident off the southeast coast of the USA extending across the Atlantic to Europe and off the southwest coast of the USA; pronounced positive changes occur over Europe, Siberia, and in the vicinity of Japan. The AO response of the stratospheric component of ozone (Figure 7b ) is negative throughout much of the hemisphere, with the largest ozone decrease over the Arctic. The overall response of surface ozone to the AO (Figure 7c ) is dictated by this negative stratospheric response; however, the impact of regional changes in O 3NOx is apparent, as is evident when comparing the total ozone change with the change in O 3NOx (i.e., comparing Figure 7a with 7c).
[27] To further understand these regional changes in O 3NOx , we made additional simulations where the surface NO x emissions from three longitudinal bands are separately tagged: 190°-360°E (North and South America), 0°-60°E (Europe and Africa), and 60°-190°E (Asia and Australia). The associated ozone produced from these sectors is also tagged and labeled O 3AM , O 3EU , and O 3AS , respectively. In these simulations, the NO x source from lightning and aircraft emissions is not tagged. The sum of the tagged ozone from these regions very closely equals the global total when all surface NO x emissions are tagged. We refer to the sum of the ozone produced from these tagged emissions as O 3NOx * to distinguish it from the ozone produced when we also tag the NO x emissions of lightning and aircraft. As our methodology requires a separate simulation for each tagged NO x source, we have run only a limited set of these simulations, choosing to run MOZART-2 for a year with a strong positive AO (1990) and a year with a strong negative AO (1980) . The difference in surface pressure between 1990 and 1980 (not shown) closely resembles the difference in the 22-year regression (Figure 6 ). The surface pressure during these two years is given in the work of Creilson et al. [2003] , who also diagnose differences in the tropospheric ozone residual between 1990 and 1980.
[28] We first establish that the ozone differences between the 1990 and 1980 simulations (90M80) are in reasonable agreement with the full solution. Further evidence that this is the case is also presented in the vertical ozone profiles given in section 6. The 90M80 ozone difference at the surface is given in Figure 8 . This figure reproduces many of the salient features in the regression between the AO and ozone (Figure 7c ). Note the different scales between these figures: in Figure 7c , we scale the slope of the regression between ozone and the AO by the standard deviation of the AO index (1.25); in Figure 8 the 90M80 ozone difference is shown with no scaling factor applied (the difference between the 1990 and the 1980 FM AO index is 4.15). Most of the ozone anomalies in the 90M80 signal are substantially larger than in the regressed signal. At the surface, the similarities between 90M80 and the regressed ozone signal include the negative ozone anomaly off the southeast coast of the USA extending across the Atlantic basin to Europe, the strong positive anomaly over Europe, 
Figur
Difference in surface ozone between February and March 1990 and 1980. and the positive anomaly over Siberia. Generally, good agreement between the 90M80 signal and the regressed signal occurs in both the tropospheric and stratospheric components of the AO signal, where these components are significant (not shown). Note, however, that there are regions where the 90M80 and regressed signal differ. Examples include the anomaly patterns off the west coast of the USA and south of Japan.
Changes in the Distribution of O 3AM
[29] Figure 9 gives the 90M80 signal in O 3AM at the surface. During 1990 (when the AO is in a strong positive phase), O 3AM is shunted across the Atlantic basin toward Northern Europe, while during 1980 (when the AO is in a strong negative phase), the meridional transport of ozone within the Atlantic basin is more pronounced. show a similar response across the Atlantic. A comparison of the 22-year ozone-AO regression (Figure 7c ), the 90M80 signal in O 3AM (Figure 9c) , and the 90M80 signal in O 3 (Figure 8 ) suggests that much of the 22-year regressed signal over the Atlantic basin can be attributed to differences in the transport of O 3AM . The negative anomaly in surface ozone over the Atlantic basin, most pronounced off the southeast coast of the USA, and the positive anomaly over northwestern Europe are largely explained by changes in the transport of O 3AM associated with the AO.
[30] Many of the changes in O 3NOx and O 3AM associated with the AO across the North Atlantic Basin can be explained by the changes in surface pressure ( Figure 6 ) and the related changes in the North Atlantic storm track. When the AO is in its positive phase, the anticyclonic circulation off the east coast of the USA and the cyclonic circulation across the Northern Atlantic are amplified with higher than normal surface winds near 50°N across the North Atlantic basin and into Northern Europe. Winters with high NAO indexes tend to have strengthened North Atlantic storm track activity [Rogers, 1997] with a northward shift in the cyclone density [Sickmöller et al., 2000] . The analysis by Eckhardt et al. [2004] shows that during years with a positive NAO index, the starting locations of warm conveyor belts decrease off the coast of the southeast USA but increase off the northeast coast. The ending trajectories of the warm conveyor belts extend further eastward into western and northern Europe. These changes are consistent with the increased transport of ozone from North America to Europe during the positive phase of the AO. Likewise, the large negative ozone anomaly off the southeast coast of the USA during the positive phase of the AO (Figures 7c, 8 , and 9c) can be attributed to an increased easterly component of the winds in association with the amplified anticyclone over the lower-latitude Atlantic basin and increased shunting of US pollutants to the north. See the study of Creilson et al. [2003] for a schematic diagram showing changes in transport associated with the NAO across the Atlantic basin.
Changes in the Distribution of O 3EU
[31] When the AO is in its positive phase, O 3EU increases to the north and particularly northeast of the ozone maximum over southern Europe, with increases in the Arctic; O 3EU decreases to the northwest of this maximum, over much of the British Isles and Scandinavia and the adjoining ocean (Figure 10 ). This paper and the studies by Eckhardt et al. Bey [2004] all give a reasonably consistent picture of the changes in European pollutant transport in relation to the AO or NAO: pollutant levels increase over much of continental Europe but decrease over northwestern Europe. In particular, measurements of the NO 2 column from the Global Ozone Monitoring Experiment (GOME) ] and measurements of the tropospheric residual ozone column [Creilson et al., 2003 [Creilson et al., , 2005 all support an increase in pollutant levels over Europe in association with the AO. Likewise, Eckhardt et al.
[2003] find a negative correlation between the NAO and measured CO and black carbon at Mace Head, Ireland and between the NAO and GOME NO 2 over the British Isles. The analysis by Eckhardt et al. suggests that these negative correlations are primarily the result of changes in the transport of European emissions. The dramatic increase in O 3EU over the Arctic during years with a positive AO is also supported by the simulations and measurements presented in the study by Eckhardt et al. [2003] .
[32] The increase in O 3EU over much of Continental Europe is also evident in the 22-year (Figure 7c ) and 90M80 total ozone response (Figure 8) . However, the negative ozone anomaly in O 3EU over northwestern Europe and the positive anomaly over the Arctic are not evident in either the 90M80 or the 22-year total ozone responses. Over northwestern Europe, the negative O 3EU anomalies are masked by the increase in North American ozone ( Figure 9c) ; over the Arctic, the increase in European ozone is masked by the decrease in stratospheric ozone (Figure 7) .
[33] The response of O 3EU can be largely attributed to the anticyclonic surface pressure anomaly over Europe in association with the AO. During the positive phase of the AO, this anomaly tends to trap pollutants over much of Southern and Central Europe, while over Northern Europe, the circulation tends to shunt the pollutants to the northeast, away from northwester pe.
Changes in the Distribution of O 3AS
[34] The 90M80 signal in O 3AS (Figure 11 ) suggests that during 1990, surface ozone from Asian sources appears to have taken a preferential path across the Pacific basin to the north so as to impact the western interior of the USA through outflow from Canada. This increased northward transport also results in a pronounced positive signal in 90M80 O 3AS over Siberia. On the other hand, during 1980, the ozone plume extending eastward from Asia at 30°N is more pronounced. This results in the large prominent negative 90M80 ozone anomaly just to the southeast of Japan, with generally negative anomalies extending across the Pacific basin to the west coast of the USA. On the west coast of the USA, the 90M80 ozone difference is approximately À2 to À4 ppbv (out of an average impact of O 3AS on the west coast of approximately 10 ppbv). With expected increases in Asian emissions, the AO signal in the export of O 3AS may assume a more important role in the future.
[35] While the ozone change attributable to the AO over the 22-year regression (Figure 7c ) is generally not significant over the Pacific Basin, both the regressed solution and the 90M80 solution show generally negative ozone anomalies over the Pacific north of 30°N and a hint of positive anomalies over interior western North America; both solutions also give a positive anomaly over Western Siberia. The negative ozone anomaly southeast of Japan is not apparent in the 22-year regression.
[36] Again, many of these AO-related changes in ozone can be explained by the related sea level pressure changes. The most pronounced pressure change occurs over the North Pacific, where anomalously high surface pressure occurs in association with a positive AO (Figure 6 ). Decreased westerlies are to be expected south of this Figure 10 . As in Figure 9 but for ozone generated by NO x emissions between 0°and 60°E (O 3EU ). pressure anomaly, with increased southerlies to its west. This is consistent with increased northward transport of O 3AS over Eastern Asia during 1990 followed by the transport of ozone to North America following an anticyclonic pathway traversing the North Pacific. It is also consistent with a decrease in the ozone transported directly across the Pacific toward the USA.
Vertical Profiles of Source Attribution
[37] In this section, we show vertical ozone changes associated with the AO at select locations: North America, Europe, Mace Head, and the Arctic. We pick the former two sites due to the presence of ozonesonde stations. The latter two sites are picked because they are reported on in literature regarding the effect of the NAO on chemical constituents.
North American Response
[38] Lamarque and Hess [2004] show that MOZART-2 successfully captures the response of ozone to the AO at the selected North American ozonesonde stations (Resolute, Churchill, Edmonton, Goose Bay, Alert, and Boulder), where the correlation between ozone and the AO was generally found to be negative and significant throughout the depth of the troposphere. Figure 12 shows both measured and modeled results averaged at these stations.
[39] The 90M80 measured signal (green symbols) is the result of a very incomplete station record, with very few stations recording data in both 1980 and 1990. Moreover, for the stations that did report in both 1980 and 1990, the sampling statistics are not particularly good: the number of soundings available in February and March for any one station never exceeds 10 in either of 1990 or 1990. The 90M80 measured record is somewhat at odds with the measured ozone difference between the 6 years from 1980 to 2001 with the most positive AO index and the 6 years with the most negative index (black symbols). The latter signal shows negative ozone anomalies throughout the depth of the troposphere in association with the positive phase of the AO. This is in agreement with Lamarque and Hess [2004] and the regressions presented here.
[40] The ozone change calculated from the 22-year regression and the 90M80 solution is given in Figure 12b . In this and the following figures, the regressed ozone is obtained by scaling the slope of the ozone-AO regression by 4.15, the difference between the1990 and the 1980 AO indices. Above 400 to 500 hPa, the 90M80 solution and the regressed solution are qualitatively different. At these levels, the 90M80 solution cannot be expected to give much insight into the full 22-year regressed solution. However, at lower heights, the two solutions give qualitatively similar responses in both O 3 and O 3S . In both solutions, the large negative ozone response to the AO in the lower to midtroposphere can be attributed almost entirely to the change in O 3S .
[41] Throughout most of the troposphere, the sign of O 3NOx differs in the 90M80 and regressed solution. Compared with O 3S , the change in O 3NOx is relatively small, and furthermore, it is not significant in the 22-year regression. The 90M80 solution hints at why this is the case: these simulations suggest that the net anthropogenic response is due to the cancellation of large terms (Figure 12c ). O 3EU is large and positive in the 90M80 solution, while the sum of O 3AM and O 3AS is large and negative. With this degree of cancellation, we do not expect a robust overall response in O 3NOx to the AO. The response is likely to be sensitive to details of the flow. While we have little confidence in the Figure 11 . As in Figure 9 but for ozone generated by NO x emissions between 60°and 190°E (O 3AS ).
sign of O 3NOx in the 90M80 solution, the large positive response in O 3EU is supported by a number of studies. Klonecki et al. [2003] showed that on short timescales (i.e., a week), Europe is the dominant contributor to the composition of the lower troposphere over Canada. Eckhardt et al. [2003] show that during years with a positive AO, there is increased transport of European pollutants to the Arctic and subsequent CO increases at Barrow, Alaska and Alert, Canada.
Response Over the Atlantic Basin
[42] The ozone response to the AO at Mace Head, Ireland (53.325°N and 9.9°W) is given in Figure 13 . At Mace Head, a statistically significant negative total ozone response is evident in the 22-year regression between 500 and 800 hPa. In the boundary layer, the response in total ozone is positive but is significant only at the surface. The 90M80 solution at Mace Head captures both the O 3 increase at the surface and the decrease between 500 and 800 hPa. As in the regressed solution, the signal at the surface is attributable to changes in O 3S . In both the regressed and 90M80 solutions, the midtropospheric O 3 decrease can be attributed to the changes in both O 3S and O 3NOx (and O 3NOx *). However, whereas the decrease in O 3S dominates the midtropospheric signal in the 90M80 solution, it is the decrease in O 3NOx * which dominates the signal in the 22-year regression.
[43] The 90M80 signal in O 3NOx * suggests significant cancellation between the source terms from the various continents (Figure 13b ). The dominant signal is the result of a decrease in O 3NOx from European sources throughout the troposphere. This is in substantial agreement with numerous studies on the effect of the AO on European pollutants [e.g., Eckhardt et al., 2003; Creilson et al., 2003 Creilson et al., , 2005 Duncan and Bey, 2004 
European Response
[44] The ozone measurements at the European stations (Figure 14a ), Hohenpeisseburg and Payerne, are consistent with the increase in pollutant levels over Europe in association with the AO (see section 5). The ozone measurements at these stations show an ozone increase below approximately 600 hPa. Both the 90M80 ozone change and the overall regressed change show ozone increases confined below approximately 900 hPa, with ozone decreases throughout most of the free troposphere. The simulated ozone increase appears to be confined too close to the surface, and the simulated ozone decrease between 400 and 900 hPa is not supported by the data. It is possible that the simulated negative response in the midtroposphere can be attributed to the fact that the MOZART-2 boundary layer is too capped, limiting the positive response to the very lowest model levels. This model limitation might be expected to have the most effect over regions with high emissions.
[45] The 90M80 solutions for O 3NOx and O 3S are qualitatively similar to the regressed solutions over Europe, at least where the latter solutions are significant (Figure 14) . The simulations suggest that below the upper troposphere, the ozone change associated with the AO can be attributed to changes in O 3NOx and in particular to the local response from European emissions (Figure 14b) . The boundary layer increase in O 3EU during the positive phase of the AO is consistent with enhanced ozone production under the anomalous anticyclonic conditions associated with the AO over much of Europe [see Creilson et al., 2005] . The signal in both O 3US (and O 3AS ) is positive up to approximately 700 hPa (600 hPa). This is consistent with enhanced transport of US emissions to Europe during the positive phase of the AO.
Arctic Response
[46] The 90M80 ozone change and the overall regressed change are very similar in the Arctic (Figure 15 ), where the response is dominated by the stratospheric ozone anomaly. In comparison, the change due to O 3NOx * is small. The simulated stratospheric and tropospheric response over the Arctic is similar to that found for the North American stations (Figure 12 ), most of which are located near the Arctic. Measurements at these stations are consistent with the negative ozone decreases simulated over the Arctic in response to the AO (Figure 12 ). Consistent with these results, James et al. [2003] find that an aged tracer of stratospheric air also decreases in the Arctic in response to the AO.
[47] The 90M80 simulations show that European ozone dramatically increases over the Arctic during years with a positive AO. This is consistent with simulations and measurements presented by Eckhardt et al. [2003] . We find, however, that the increases in O 3EU over the Arctic are largely offset by decreases in O 3AM and O 3AS (Figure 15 ). This is seemingly at odds with the study of Eckhardt et al. [2003] , who also find a tracer of North American emissions increases over the Arctic in response to the AO. The difference in these results may very well be tracer dependent.
Discussion and Conclusions
[48] It is well documented that large changes in surface pressure, storm tracks, and temperature are correlated with the AO/NAO signal. Lamarque and Hess [2004] demonstrated that: (1) a statist significant tropospheric ozone modulation associated with the AO is evident in the North American ozonesonde record; (2) MOZART-2, when driven by NCEP meteorological fields, is able to capture the measured ozone modulation. In this study, we use the same model simulations by Lamarque and Hess (covering the 22 years from 1980-2001) with tagged tracers to elucidate the mechanisms whereby tropospheric ozone varies with the AO.
[49] In the model simulations described here, we split ozone into a tropospheric component, formed through NO x reactions (O 3NOx ), and a stratospheric component (O 3S ). We do this not by labeling the stratospheric component of ozone (O 3S *), as has been done in a number of previous studies [e.g., see Roelofs and Lelieveld, 1997] but by labeling ozone produced through tropospheric NO x emissions (O 3NOx ). This methodology gives a quantitatively different result from that given by labeling the stratospheric component of ozone (O 3S* ) and has two distinct conceptual Figure 14 . As in Figure 12 but for ozone at the European stations Payerne (crosses) and Hohenpeissenberg (squares). Note that the green crosses at the lowest altitudes are off the scale of the figure. advantages: (1) it makes no assumptions regarding which reactions contribute to the loss of O 3S* in the troposphere; and (2) it is not necessary to make any strong assumptions concerning the specification of stratospheric ozone in the vicinity of the tropopause.
[50] We have also run separate simulations for 1990, characterized by a strong positive AO, and 1980, characterized by a strong negative AO. In the latter simulations, we have tagged the tropospheric NO x emissions and the consequent ozone production from three longitudinal sectors. This allows us to examine the influence of the AO on ozone produced by NO x emissions from Asia, North America, and Europe. We find that the ozone difference between the 1990 minus 1980 simulations is qualitatively similar to the overall regressed solution in most locations, at least where the latter signal is significant.
[51] A drawback to the simulations presented here is that the stratosphere is not accurately simulated. The simulations do not resolve the stratosphere sufficiently, and they make use of an artificial tracer of stratospheric ozone to limit the stratosphere-troposphere exchange of ozone. A more accurate simulation of the stratosphere would be desirable because of its impact on the tropospheric AO signal. However, we leave this for future simulations.
[52] A number of robust results emerge from this study. Many of these results are generally supported by measurements.
[53] 1. In the upper troposphere, the ozone signal associated with the AO is strongly correlated with the height of the tropopause. This in itself is not surprising as the stratosphere is a large ozone reservoir. Even with no stratosphere-troposphere exchange, fluctuations in tropopause height act to modify ozone in proximity to the tropopause. Through relationships between surface pressure and tropopause height, the AO signal in upper tropospheric ozone can be related to the signal in surface pressure. In the region of the arctic vortex, the relationship between surface pressure and tropopause pressure is such that the lower surface pressures (correlated with a positive AO index) correspond to lower tropopause pressures; elsewhere (e.g., the Icelandic Low), lower surface pressures correspond to higher tropopause pressures. Thus in association with a positive AO, upper tropospheric ozone is generally low over the pole, high over the Icelandic Low, and low over the pronounced subtropical highs in the Atlantic and Pacific basins.
[54] 2. Changes in the exchange of stratospheric ozone explain the simulated variations in ozone at the selected ozonesonde sites over North America (see Figure 12) . We think it is unlikely that the signal over these sites is anthropogenic in origin: (1) both the MOZART-2 simulations and the measurements give similar ozone variations associated with the AO throughout the depth of the troposphere at these sites, (2) CO measurements at Barrow, Alaska and Alert, Canada indicate that CO increases during years with a positive NAO ]. This increase is consistent with the finding that the NAO controls the flow of emissions from Europe to the Arctic and that the European emissions are the dominant contributor to pollution in the arctic [e.g., Klonecki et al., 2003] . The model simulations also show an increase in O 3NOx and O 3EU over the North American measurement sites during years with a positive AO index. Nevertheless, in agreement with the ozone- sonde measurements, the simulations show a net decrease in ozone in association with the AO. It is difficult to attribute this decrease to anywhere other than the stratosphere. These arguments, which support the importance of the stratospheric signal over the North American stations, lend credence to the importance of the stratospheric signal in modulating the AO on a global scale: the large signal in stratospheric ozone associated with the AO appears to ''percolate'' to the surface (Figure 4 ) and acts to modulate zonally averaged ozone North of 50°N. The pattern we find for changes in O 3S in the troposphere resembles those found by James et al. [2003] for an aged stratospheric tracer.
[55] 3. Measurements are also supportive of the simulated surface ozone enhancement over much of continental Europe in association with a positive AO as well as the simulated decrease in O EU over extreme Western Europe. This decrease is supported by both GOME NO 2 column measurements, which show the NO 2 column decreases over England and France in association with a positive AO , and by measurements at Mace Head, Ireland, which show a decrease in CO and black carbon in association with a positive AO. It is worthwhile noting that a significant signal in measured surface ozone is not detected at Mace Head in association with the AO. This suggests that the local signal from European emissions is masked by ozone transport from other sources, in substantial agreement with the model simulation. The ozone enhancement over much of continental Europe is supported by the ozonesonde measurements at Payerne and Hohenpeissenburg (see Figure 14) , by the GOME NO 2 column which shows increases over much of Western Europe in association with a positive AO , and by calculations of TOR given by Creilson et al. [2003 Creilson et al. [ , 2005 . Our model simulations do not account for the measured midtropospheric ozone increase found over Europe in association with the AO.
[56] 4. The 90M80 simulations suggest a strong AO modulation in the transport of O 3AM to Europe and in the transport of O 3EU to the Arctic and the North American Arctic in association with the AO. The former is supported by the modeling study of Li et al [2002] , the latter is supported by the observations and model simulations reported in Eckhardt et al. [2003] .
[57] Thus we find good evidence that the AO modulation of tropospheric ozone is due to both the stratospheric and anthropogenic components of ozone. Both measurements and the simulations show that perturbations in the signal may be as high as 5 ppbv regionally. These perturbations are on the order of the long-term fluctuations in the midtropospheric ozone abundance reported by Prather et al. [2001] . We conclude that an interpretation of the long-term fluctuations in ozone must take the AO/NAO signal into account.
[58] The anthropogenic modulation of the ozone by the AO is regional in nature and is particularly important near the surface. During the positive phase of the AO, ozone generated from European emissions is enhanced over the Arctic, enhanced over central Europe, and decreased over Western Europe. Ozone anomalies generated from American emissions during the positive phase of the AO includes enhanced ozone concentrations over Europe (including Mace Head, Ireland) but decreased concentrations over much of the Atlantic b he Asian signal in the midlatitudes is not as strong as the European and American signals and difficult to verify observationally. The stratospheric perturbation of ozone by the AO dominates in the zonal average, particularly at high latitudes. Ozone from the stratosphere not only determines the sign of the zonally averaged signal but determines the sign of the regional signal over the North American Stations and the Arctic.
[59] Climate simulations suggest that a positive AO may be more prevalent in the future. This alone would suggest a future decrease in tropospheric ozone. However, studies by Zeng and Pyle [2003] suggest that climate change will increase tropospheric ozone because of an increase in stratosphere-troposphere exchange. Regardless of the sign, it is clear that the AO signal must also be accounted for when examining the impact of future climate change on tropospheric ozone.
